A series of lanthanide complexes bearing organic radical ligands, [Ln(Cp R ) 2 (bipy •-)] [Ln = La, Cp R = Cp tt (1); Ln = Ce, Cp R = Cp tt (2); Ln = Ce, Cp R = Cp′′ (3); Ln = Ce, Cp R = Cp′′′ (4)] [Cp tt = {C 5 H 3 t Bu 2 -1,3} -; Cp′′ = {C 5 H 3 (SiMe 3 ) 2 -1,3} -; Cp′′′ = {C 5 H 2 (SiMe 3 ) 3 -1,2,4} -; bipy = 2,2′-bipyridyl], were prepared by reduction of [Ln(Cp R ) 2 (μ-I)] 2 or [Ce(Cp′′′) 2 (I)(THF)] with KC 8 in the presence of bipy. Complexes 1-4 have been thoroughly characterized by structural, spectroscopic and computational methods, together with magnetism and cyclic voltammetry, to define an unambiguous Ln(III)/bipy •radical formulation. These complexes can act as selective reducing agents; for example the reaction of 3 with benzophenone gives [{Ce(Cp″) 2 (bipy)} 2 {κ 2 -O,O′-OPhC(C 6 H 5 )CPh 2 O}] ( 7), a rare example of a "head-to-tail" coupling product. We estimate the intramolecular exchange coupling for 2-4 using multi-configurational and spin Hamiltonian methods, and find that the commonly used Lines-type isotropic exchange is not appropriate, even for single 4f e -/organic radical pairs.
INTRODUCTION
In recent times the strong magnetic anisotropy of selected lanthanide (Ln) complexes have brought about their proposed applications in prototype magnetic devices. [1] [2] [3] Contrary to archetypal 3dtransition metal single molecule magnets (SMMs), strong intramolecular magnetic exchange interactions for polymetallic 4f-complexes are rare because the contracted 4f orbitals make superexchange pathways ineffective. [4] [5] [6] [7] Strong exchange interactions between Ln ions can be effected by bridging radical ligands, 8 causing direct overlap between magnetic orbitals and resulting in a well isolated coupled ground state onto which the magnetic anisotropy of the Ln building blocks is projected. Since the first Ln-radical SMM was reported by Sessoli, 9 seminal work by Evans and Long has showed that N 2 3radicals bridging between two Ln(III) centers promotes strong exchange coupling. [10] [11] [12] In the interim, Long has extended this study to include dimeric Ln SMMs containing bridging redox non-innocent polyaromatic N-donor radical ligands, 13, 14 whilst trinuclear mixed 4f/5f systems were investigated by Morris and Kiplinger in prior work. 15, 16 Despite these landmark synthetic advances, analyzing Ln-radical interactions can be computationally expensive; therefore simple models have been previously utilized. 17 To obtain a rigorous theoretical analysis of the interactions in radical-bridged Ln systems, all possible electronic exchange states should be treated with a multi-configurational approach such as complete active space self-consistent field (CASSCF). Recent studies have examined the interactions in [{Tb[N(SiMe 3 ) 2 ] 2 (THF)} 2 (µ-N 2 )] -, 18, 19 where the Ln part of the problem was treated with CASSCF, however, the exchange states in this system were not directly probed owing to the large number of unpaired eand orbitals involved in the full problem. Therefore, we envisaged that the preparation of relatively simple monometallic Ce(III) complexes with a 4f 1 center and one radical ligand would enable CASCCF calculations to be performed on the complete magnetic unit to shed light on the exchange interaction.
Irrespective of magnetic motivations, monometallic Ln complexes that contain redox non-innocent ligands [20] [21] [22] such as bipyridines, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] phenanthrolines, 30, 32, [35] [36] [37] diazenides [38] [39] [40] [41] [42] and terpyridyls 43 have been extensively investigated. However, whilst there have been numerous studies on complexes of the general formula [Ln(L) 2 (bipy •-)] (Ln = Eu, Sm, Yb; bipy = 2,2′-bipyridyl), [24] [25] [26] [27] [28] [29] [30] 32, 33 there are relatively few reports on analogous systems for lighter Ln centers. [44] [45] [46] [47] Herein, we have thoroughly characterized a series of complexes of the general formula [Ln(Cp R ) 2 (bipy •-)] (Ln = La, Ce), examining their physical properties and reactivity, and probing the nature of 4f-electron/radical exchange interactions.
EXPERIMENTAL SECTION

General Methods
All manipulations were carried out using standard Schlenk and glovebox techniques under an atmosphere of dry argon. Solvents were dried by refluxing over potassium and were degassed before use. All solvents were stored over potassium mirrors (with the exception of THF, which was stored over activated 4 Å molecular sieves was added with stirring. The reaction mixture was warmed slowly to room temperature and was stirred for 16 hours. (6) (see ESI Section 1), which is one of many alkali metal bipy complexes previously studied. [51] [52] [53] Goicoechea reported diagnostic FTIR absorptions for the bipy •radical anion in [K 4 (bipy •-) 4 Figure 1 and ESI Figure S19 ), both crystallizing in the monoclinic space group P2 1 /c with near-identical cell parameters (ESI Table S1 ). In contrast, 3 and 4 crystallize in orthorhombic P2 1 2 1 2 1 and Pbca, respectively (Figure 1 ). Minor differences in the geometries of 1-4
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can be ascribed to differences in the ionic radii of La(III) and Ce(III), as well as the bulk of the Cp R ligands. The inter-pyridine C-C bond distances in the bipy •scaffolds [1.409(8), 1.423(7), 1.415 (7) and 54 Hence, the XRD data support an Ln(III)/bipy •formulation. 
Optical spectroscopy
The UV-vis-NIR spectra of bipy •radical anions, which arise from the presence of an unpaired electron in a π* orbital, have been reported previously. 24, 32, 44, 47, [51] [52] [53] The characteristic features consist of i) a strong absorbance in the violet region at ~400 nm, ii) a medium intensity band in the green region at ~500 nm, and iii) a weaker absorption in the NIR at ~900 nm. 51 The UV-vis-NIR spectra of 1-4 ( Figure 2 and ESI Figure S24 ) are nearly superimposable and display similar features to the spectrum of 6 (Figure 2, ESI Figures S25 and S26) . The spectra exhibit three intense bands in the near-UV region at ~240-260 (LM), ~320 and ~390 nm, except in the case of 3,
where the band at ~320 nm was not observed. Two lower intensity bands are seen at ~490-520 and ~800-910 nm, which are split into a doublet and a triplet, respectively. The higher energy transitions (320-520 nm) are tentatively assigned as ππ* transitions of bipy •-, whilst the lower energy ones (800-910 nm) as attributed to bipy •π*π* transitions by comparison with previously reported UV-vis-NIR spectra of bipy •systems, 27, 32, 51 
Magnetism and EPR spectroscopy
The magnetic moments of 2-4 at 298 K were measured by the Evans method (Table 1) . [55] [56] [57] The values obtained are higher than for other Ce(III) complexes reported in the literature (1.88-2.75 μ B ) 47, 58 and also higher than the predicted value for a 4f 1 2 F 5/2 ground state (2.54 μ B ); 59 this is likely due to an additional contribution arising from the bipy •radical S = 1/2, as previously observed for Ce(III) complexes containing radical ligands 46 and other Ln(III) ligand radicals. 32 Variable temperature and field SQUID measurements were conducted to further probe the magnetic properties of solid 1-4 suspended in eicosane. The magnetic moments at 298 K for 2-4 are in excellent agreement with the Evans method values (Table 1 ) and are higher than that of the La(III)bipy •analogue 1 (ESI Figure S28) , Figure 4 ). The spectra can be simulated with an S = 1/2 model using PHI 60 with Hamiltonian Equation 1, and an isotropic Lorentzian linewidth in frequency-space. Identical simulations can also be obtained with Easy-Spin. 61 (1)
The spectra show that 1 has a significantly broader linewidth than 6 ( Table 2) , which is likely due to unresolved hyperfine coupling to the I = 7/2 139 La nuclear spin with 99.9% abundance; this hyperfine coupling is observable in solution phase EPR spectra (see ESI section 7). 
Computational Characterization
To provide further evidence of the electronic configuration, ab initio CASSCF calculations were conducted on the solid-state structures of 1-4 using MOLCAS 8.0 62 (see ESI Section 8 for details).
The most suitable active space for 2-4 was determined using the Restricted Active Space (RAS) probing method, where electrons and orbitals around the HOMO-LUMO gap are successively added to the calculation until the static correlation in the low-lying states is captured; orbitals are included if their occupation number falls between 0.02 and 1.98. 63 The optimal active space for 2-4 was 6 electrons in 13 orbitals (accounting for the 4f orbital degeneracy and the Ce-ligand interaction), where 21 states were considered for the S = 1 and S = 0 configurations (ESI Table   S13 ). This active space consists of six bipy-based orbitals and the seven 4f orbitals, and the calculations indicate well-defined Ce(III) ions and bipy •radicals for 2-4 ( Table 3 and ESI Figure   S34 ). For the 21 states, two of the six bipy orbitals are almost doubly occupied with occupation numbers > 1.88, one is almost unoccupied (occupation < 0.05), and the other three can accommodate the unpaired electron (i.e. occupation < 0.2 or > 0.92). The seven 4f orbitals accommodate a single metal-based electron, corresponding to Ce(III). The 21 states for each multiplicity are made up of three groups of seven states at 0-1700 cm −1 , 15000-17000 cm −1 and 19000-21000 cm −1 , above which the next states are > 30000 cm −1 . The large gaps between the groups correspond to excitation of the bipy •radical electron amongst the three low-lying ligand orbitals, while the seven states within each group correspond to the low-energy 4f excitations. In the ground state the radical occupies an orbital with C-C π and π*, and N p character ( Figure 5 and ESI Figure S34c Once spin-orbit (SO) coupling is included, the smallest calculated energy gaps between pairs of states (ESI Table S14 ) are all greater than the largest microwave quantum employed in our EPR experiments (Q-band, ~34 GHz ≈ 1.13 cm -1 ) and therefore the CASSCF-SO calculations support the EPR-silent nature of 2-4. The magnetic observables calculated on the basis of our CASSCF-SO wavefunctions compare well with those determined experimentally for 2-4 (ESI Figures S35-S37 ): the slow decrease in magnetic susceptibility with decreasing temperature and the near-linear magnetization isotherms are captured by the calculations. After SO coupling, the principal g-values extracted for 1 are in good agreement with those found by EPR spectroscopy (ESI Table S16 ). 
Electrochemical studies
As bipy can be readily converted between neutral, monoanionic radical and dianionic forms, cyclic voltammetry experiments were carried out on 1-4 ( Figure 6 and ESI Section 9 for 1-4) . In all cases, the voltammograms are similar to those seen for [Ce(Tp Me2 ) 2 (bipy •-)] 47 and 6 (ESI Figure S44 ). For 1-3 additional and less intense events at −2.1 V were observed, which did not increase in intensity with increasing scan rates and could not be assigned. No other well-defined processes were observed at more cathodic potentials (see ESI Section 9), therefore we tentatively assign the waves observed for 1-4 at −2.39 to -2.47 V as (bipy)/(bipy •-) processes (Scheme 2) due to chemically oxidation to [Ln(Cp R ) 2 (bipy)] + prior to the start of the electrochemical experiment. We changed the supporting electrolyte to [N n Pr 4 ][B{C 6 H 3 (CF 3 ) 2 -3,5} 4 ] in an effort to prevent this pre-oxidation, but the resulting voltammogram of 4 had no clear-cut redox events that could be assigned (ESI Figure S43) . It is noteworthy that the measured redox couples of 1-4 are consistent with analogous processes observed for d-transition metal complexes 64 and the first reduction of bipy (E ½ = -2.34 V vs Fc/Fc + ). 65 The Ce(III)/Ce(IV) couple could not be identified for 2-4, which is unsurprising as the Ce(IV) oxidation state is usually stabilized in the presence of electron-rich donors. 66 
Reactivity studies
Intrigued by the quasi-reversible redox processes of the bipy •radicals in 1-4, we decided to explore the use of such complexes as selective one-electron reducing agents. Therefore, the reaction of complex 3 with benzophenone (E ½ = −2.30 V in THF) 69 was performed to give [{Ce(Cp″) 2 (bipy)} 2 {κ 2 -O,O′-OPhC(C 6 H 5 )CPh 2 O}] (7) in fair yield (Scheme 3). In agreement with the electrochemistry experiments, the bipy •radical functions as a 1ereducing agent and remains coordinated to the metal center. We propose that 7 has formed by initial coordination of Ph 2 CO, followed by electron transfer from bipy •to form Ph 2 CO •radicals. Such transient species can reductively couple in a "head-to-tail" intermolecular process via the ketyl carbon of one radical with the para-carbon of a phenyl ring of the second radical. The more common pinacol "head-to-head"
coupling via two ketyl carbon radicals is thwarted by steric crowding in the intermediate complex,
which impedes the close approach of two ketyl carbons from different complexes. "Head-to-tail" coupling of ketones mediated by f-element complexes are rare, [70] [71] [72] [73] 
DISCUSSION
As we have defined 2-4 as Ce(III)/bipy •formulations and successfully performed a full multiconfigurational CASSCF treatment accounting for the interaction between the 4f 1 eand the bipy radical, the final SO states (ESI Table S14 ) directly correspond to the exchange-coupled states; an approach explored previously by others. [76] [77] [78] The Table S14 ).
A common approximation to model Ln-Ln or Ln-radical exchange is to assume an isotropic spin- interactions in considerable theoretical detail and concluded that such a parameterization is insufficient. 83 Therefore, we employ the effective S = 1/2 dimer model to approximate the strongly anisotropic exchange interactions in 2-4. In this approach, the ground CF Kramers doublet of Ce(III) is defined as an effective S = 1/2 with effective g-values, and is coupled to the true S = 1/2 of the bipy radical this approach is justified when modelling the low temperature magnetic data as the first excited CF Kramers doublet of Ce(III) is ca. 260 cm -1 (ESI Tables S17-19 ). We observe for all three complexes that the ground Kramers doublets have effective g-values of g xy ~ 2.5 and g z ~ 0.8 (ESI Tables S17-19) , where the g z orientation is perpendicular to both the Ce-bipy vector and the Cp R -Ce-Cp R vector. To estimate the exchange interactions in each case, we simultaneously fit the magnetization, χ M T (≤ 50 K), and four lowest-lying CASSCF energy levels (i.e. those resulting from the exchange interactions between the ground Kramers doublet of Ce(III) and the bipy radical)
using Hamiltonian Equation 2 with PHI, 57 where are the effective spin operators for the ground Kramers doublet of Ce(III). To avoid over-parameterization, we fix = 2, = 2.5 and = 0.8; as we restrict in this model, the and parameters, while distinct, have the same effect on the experimental data and thus the assignments could be switched. The global minimum for each complex is given by the effective anisotropic exchange parameters (Table 4) which provide excellent fits to the experimental magnetic data (Figure 3, ESI Figures 29-31 ) and reasonable agreement to the lowest-lying CASSCF energy levels (ESI Tables S21-23 ). As a general trend we note that the overall strength of the exchange interaction ) seems to decrease across the series of compounds 2-4, however, these parameters should be regarded as estimates as they are not defined by experimental spectroscopic data that measure the transitions between exchange multiplets directly.
(2) 
CONCLUSION
We have presented a series of early Ln-bipy complexes (1) (2) (3) (4) and shown by physical, spectroscopic and computational techniques, that these complexes consist of a Ln(III) ion and a bipy •radical. The physical properties of complexes 2-4 that have been analyzed do not appear to be majorly affected by varying degrees of substitution of the supporting ligands. Such complexes can also function as selective reducing agents, as shown in the reaction between 3 and Ph 2 CO to form the "head-to-tail" coupling product 7. CASSCF-SO calculations show good agreement with the physical studies and suggest a hierarchy of the electronic interactions between the Ce(III) 4f 1 and bipy •radicals in 2-4. Attempts to model the experimental magnetic data and the CASSCF-SO energy spectrum with the simple isotropic spin-spin exchange (Lines) approach failed, showing that this model is not sufficient for even a 4f 1 -organic radical pair. It is clear that further experimental studies and more theoretical work is required to provide useful tools and models to understand the nature of even relatively simple Ln-radical systems such as those presented here.
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